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ATLAS and CMS have each reported a modest diphoton excess consistent with the decay of a
broad resonance at ∼ 750 GeV. We show how this signal can arise in a weakly coupled theory
comprised solely of narrow width particles. In particular, if the decaying particle is produced off-
shell, then the associated diphoton resonance will have a broad, adjustable width. We present
simplified models which explain the diphoton excess through the three-body decay of a scalar or
fermion. Our minimal ultraviolet completion is a weakly coupled and renormalizable theory of a
singlet scalar plus a heavy vector-like quark and lepton. The smoking gun of this mechanism is an
asymmetric diphoton peak recoiling against missing transverse energy, jets, or leptons.
I. INTRODUCTION
The ATLAS and CMS collaborations have both ob-
served a curious excess in the diphoton invariant mass
spectrum in the vicinity of ∼ 750 GeV [1, 2]. The sig-
nificance of the excess in each experiment is ∼ 3.6σ and
∼ 2.6σ, respectively, with a rate consistent with a signal
cross-section of ∼ 5–10 fb. Current observations favor a
broad resonance, with ATLAS reporting a width of ∼ 45
GeV, corresponding to 6% of the mass.
While the diphoton excess may well be a statistical
fluke or experimental systematic, it is nevertheless im-
portant to understand the range of new physics sce-
narios which can accommodate this observation. Re-
cently, there has been an enormous flurry of papers dis-
cussing the implications for beyond the standard model
physics [3], mostly observing that the excess is consistent
with a strongly coupled sector linking a new decaying
state to gluons and photons with quite large couplings.
In this paper we point out that weakly coupled physics
can explain both the rate of the diphoton excess as well
as its apparently broad width. To do so, we introduce a
now familiar ingredient: a singlet scalar which decays to
diphoton. Such a state is narrow in a weakly coupled the-
ory but if it is predominantly produced off-shell then the
associated diphoton spectrum will be broadened. This
occurs, for example, if the scalar is produced through
the three-body decay of a lighter state. The observed
width of the diphoton resonance is then an adjustable
parameter controlled by the spectrum of masses.
A generic prediction of this mechanism is that the peak
in the diphoton invariant mass is asymmetric, with more
events below the apex than above. Moreover, the high
energy photons in each event should be associated with
recoiling missing transverse energy, jets, or leptons.
In Sec. II we summarize the basic mechanism and
then analyze a set of simplified models characterizing the
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Figure 1. Three-body decay yielding a slightly off-shell reso-
nance with an effectively adjustable width.
three-body decay of a scalar or fermion. We then present
explicit models for the diphoton excess in Sec. III and
Sec. IV. Our minimal ultraviolet complete theory is a
renormalizable model of a singlet scalar plus a vector-
like quark and lepton. We conclude in Sec. V.
II. BASIC SETUP
Our basic setup involves three states: φ, χ1, and χ2.
Here φ is a scalar that decays via φ→ γγ, although φ→
gg may be allowed as well. Meanwhile, χ1 is created in
proton-proton collisions, either directly or from cascade
decays. Once produced, χ1 decays three-body via
χ1 → χ2(φ∗ → γγ) , (1)
through an off-shell φ, as shown in Fig. 1.
For Eq. (1) to be the dominant decay mode requires
mφ > mχ1 −mχ2  0 . (2)
The first inequality is necessary to forbid the direct two-
body decay, χ1 → χ2φ. The second inequality is required
so the three-body decay χ1 → χ2(φ∗ → γγ) into highly
energetic photons is kinematically allowed.
Note also that the width of φ must be of order or
greater than the width of χ2, so the dominant three-
body decay is via off-shell φ rather than off-shell χ2.
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Figure 2. Differential decay rate for the scalar three-body decay χ1 → χ2(φ∗ → γγ) as a function of the diphoton invariant
mass, mγγ ≡ |p|, with maximum normalized to 1. In the left panel, mχ1 = 750 GeV, mχ2 = 10 GeV, and mφ −mχ1 = 0
(blue), 5 (magenta), 10 (yellow), 20 (green) GeV . In the right panel, mχ1 = mφ = 750GeV, mχ2 = 1 (blue), 10 (magenta), 20
(yellow), 30 (green) GeV. The width of the peak can be adjusted with the particles masses involved in the three-body decay.
This is automatic if χ2 is a stable or long-lived particle.
As we will see, this is naturally accommodated if χ1 and
χ2 are odd under a stabilizing parity.
In the on-shell limit,mφ = mχ1−mχ2 , the φ particle is
produced at rest, yielding a narrow diphoton resonance
regulated by a narrow Breit-Wigner width. However, as
one detunes to the off-shell regimemφ > mχ1−mχ2 , this
pushes the φ propagator off-shell, widening the peak.
In the subsequent sections we study this mechanism
with the aid simplified models. We begin with a discus-
sion of the couplings of φ to photons and gluons, followed
by an analysis of scalar and fermion simplified models for
the interactions of φ, χ1, and χ2.
A. Photon and Gluon Couplings
As noted in [4], φ decays are effectively mediated by
the higher dimension operators
α
6piΛφFµνF
µν + αs6piΛs
φGaµνG
aµν , (3)
where in a weakly coupled theory Λ and Λs are of or-
der the masses of heavy electrically charged and colored
particles. If, for example, these heavy particles are Dirac
fermions then
1
Λ =
∑
i
kiq
2
i
mi
and 1Λs
=
∑
i
kiTi
mi
, (4)
where i sums over heavy states. Here ki denotes the
Yukawa coupling of φ to a Dirac fermion of mass mi,
charge qi, and color Dynkin index Ti.
The decay rate of φ into diphoton is
Γ(φ→ γγ) = m
3
φ
4pi
( α
6piΛ
)2
' 6 keV×
( mφ
750 GeV
)3(1 TeV
Λ
)2
, (5)
while the decay rate into digluon is
Γ(φ→ gg) = 8× m
3
φ
4pi
(
αs
6piΛs
)2
' 6 MeV×
( mφ
750 GeV
)3(1 TeV
Λs
)2
. (6)
The digluon rate is enhanced over the diphoton rate by
a factor of (αs/α)2 together with a color multiplicity
factor. Notably, neither decay rate is remotely close to
the ∼ 45 GeV width quoted by ATLAS, which is why we
are interested in three-body decays in the first place.
With couplings to both photons and gluons, the rela-
tive branching ratio implied by Eq. (5) and Eq. (6) is
Γ(χ1 → χ2γγ)
Γ(χ1 → χ2gg) =
Γ(φ→ γγ)
Γ(φ→ gg) ' 10
−3 ×
(
Λs
Λ
)2
. (7)
For electrically charged and colored particles of similar
mass scales, we see that the branching ratio between
diphoton and digluon is of order one in a thousand,
which is incredibly small. To counterbalance this effect
requires Λ < Λs, so the electrically charged particles are
substantially lighter or more numerous than the colored
ones. This scenario is of course less constrained by LHC
results since limits on colored production are far more
stringent than for electroweak production.
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Figure 3. Same as Fig. 2 but for fermion decay. The peaks are wider than for scalar decay, as explained in the text.
In the subsequent sections we present simplified mod-
els characterizing the three-body decay into photons. We
split our discussion to the cases where the initial particle
is a scalar or a fermion.
B. Scalar Simplified Model
Let us define a simplified model for the three-body
decay where χ1 and χ2 are scalars, interacting via
gφχ1χ2 , (8)
where g is a dimensionful cubic interaction. The three-
body differential decay rate to photons is
dΓ(χ1 → χ2γγ)
dp2
= g
2
64pi3m3χ1
( α
6piΛ
)2 p4
(p2 −m2φ)2
×
√
((mχ1 +mχ2)2 − p2)((mχ1 −mχ2)2 − p2) , (9)
where we have defined
p2 = m2γγ , (10)
to be the invariant mass of the diphoton system. Note
that as p2 approaches m2φ, the denominator approaches
zero, yielding a singularity. However, this pole is cut
off by the zero in the numerator that arises when p2
approaches (mχ1 −mχ2)2. This results in a peak for the
diphoton spectrum that has a tunable width.
For illustrative purposes, in Fig. 2 we have plotted
the diphoton spectrum for various choices of mφ, mχ1 ,
and mχ2 . As shown, the observed width of ∼ 45 GeV is
easily attainable. Moreover, the peaks are always asym-
metric, with substantially more events to the left of the
maximum than to the right.
Next, let us compute the total width into photons.
The expression in Eq. (9) is exact but unwieldy, so it will
be convenient to consider the limit in whichmχ2  mχ1 ,
which as noted earlier is sufficient for the decay to yield
highly energetic photons. In this limit the total width
into photons is
Γ(χ1 → χ2γγ) = g
2mφ
128pi3
( α
6piΛ
)2
f(mχ1/mφ) , (11)
where we have defined the function
f(x) = x
2(x2 − 6) + (4x2 − 6) log(1− x2)
x3
. (12)
For our kinematic regime, f(mχ1/mφ) is order one.
Thus, if the dominant decay channel is to photons, then
the decay length is
τ ' 0.6 µm×
(
750 GeV
mφ
)(
100 GeV
g
)2( Λ
1 TeV
)2
,
(13)
which is quite prompt on collider scales.
C. Fermion Simplified Model
Next, consider a simplified model where χ1 and χ2 are
Dirac fermions, interacting via
yφ(χ¯1χ2 + χ¯2χ1) , (14)
where y is a dimensionless Yukawa interaction. The
three-body differential decay rate to photons is
dΓ(χ1 → χ2γγ)
dp2
= y
2
64pi3m3χ1
( α
6piΛ
)2 p4((mχ1 +mχ2)2 − p2)
(p2 −m2φ)2
×
√
((mχ1 +mχ2)2 − p2)((mχ1 −mχ2)2 − p2) .
(15)
4Figure 4. Single production of a singlet scalar φ followed by
cascade decay into dark matter and γγ.
While this formula is similar to the one we obtained for
the scalar model, there is a crucial difference: the numer-
ator has a factor of (mχ1 +mχ2)2 − p2 which can cancel
the singularity from the φ propagator. For instance, in
the limit that mχ2 = 0 and mχ1 = mφ, the singular-
ity is cancelled. Hence, in this kinematic regime there
is no resonant structure—merely an off-shell tail in the
diphoton spectrum. Consequently, for a viable model we
require that
mφ < mχ1 +mχ2 , (16)
so the pole does not cancel. In view of Eq. (2), this
implies that mχ2 6= 0. This is an extra constraint that
applies to the fermion model but not the scalar model.
In Fig. 3 we have plotted the diphoton spectrum from
fermion three-body decays for various choices of mφ,
mχ1 , and mχ2 . As noted, for small mχ2 , the spectrum
is more like an off-shell tail than a resonance.
Again restricting tomχ2  mχ1 for simplicity, we find
that the total width into photons is
Γ(χ1 → χ2γγ) =
y2m6φ
192pi3m3χ1
( α
6piΛ
)2
f(mχ1/mφ) ,
(17)
where this time we define
f(x) = 12x2 − 12x4 + x6 + 6(2− 3x2 + x4) log(1− x2) .
(18)
Since f(mχ1/mφ) is order one, the associated decay
length is prompt,
τ ' 0.02 µm× y−2
(
750GeV
mφ
)6 ( mχ1
750GeV
)3( Λ
1TeV
)2
,
(19)
assuming here that the decay to photons is dominant.
III. DARK MATTER MODEL
We now present a simple weakly coupled model that
explains the broad diphoton excess via three-body de-
cays. As noted earlier, a diphoton spectrum arises only
if φ is wider than χ2. This is naturally accommodated
if χ2 is stable dark matter, in which case χ1 and χ2 are
odd under a dark matter stabilizing symmetry.
The Lagrangian for this theory is simply
L = gφχ1χ2 + α6piΛφFµνF
µν + αs6piΛs
φGaµνG
aµν ,
(20)
which is the usual effective theory for the diphoton ex-
cess [4] augmented by χ1 and χ2. Proton-proton colli-
sions will produce cascade decays like the one depicted
in Fig. 4 to explain the diphoton excess.
First, the φ particle is produced through its couplings
to gluons with a cross-section
σ(pp→ φ) = pi
2Γ(φ→ gg)
8mφs
ˆ 1
m2
φ
/s
dx
x
fg(x)fg
(
m2φ/s
x
)
,
(21)
where fg(x) is the gluon parton distribution function.
For mφ = 750 GeV, the production cross section is
σ(pp→ φ) ' 40 fb×
(
1 TeV
Λs
)2
, (22)
which is quite sizable in spite of the fact that it is medi-
ated by a higher dimension operator.
Once produced via gluon-gluon fusion, φ will decay
two-body via φ → χ1χ2, assuming mφ > mχ1 + mχ2 so
it is kinematically allowed. Afterwards, the resulting χ1
has no recourse but to decay three-body back the way
it came, as shown in Fig. 4. Taking into account the
branching ratio dictated by Eq. (7), we find
σ(pp→ γγ) = σ(pp→ φ)Br(φ→ χ1χ2)Br(χ1 → χ2γγ)
' 40 fb×
[(
Λ
30 GeV
)2
+
(
Λs
1 TeV
)2]−1
, (23)
for the final signal cross section.
The diphoton excess implies a signal cross-section be-
tween ∼ 5–10 fb. To be concrete, a signal cross-section
of σ(pp → γγ) ' 5 fb would require hierarchical values
of Λ ' 80 GeV and Λs ' 1 TeV. The higher dimension
operators in Eq. (20) can thus be realized by coupling
φ to vector-like quarks and leptons, with the latter sub-
stantially lighter. Note that since φ is not allowed to
decay into these intermediate vector-like leptons, these
states must be heavier than ∼ 375 GeV, which is half its
mass. Therefore, to achieve small Λ . 80 GeV for order
one Yukawa interaction, we need four to five copies of
vector-like charged leptons to generate the signal. Some
of these multiplicity factors could arise if these leptons
are multiplets of SU(2)L.
In Fig. 5, the red histogram is our fit to the excesses
from ATLAS and CMS, choosing mχ1 = 769 GeV, mφ =
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Figure 5. A fit to the ATLAS and CMS diphoton excesses. The red histogram corresponds to the scalar model with mχ1 = 769
GeV, mφ = 780 GeV, mχ2 = 0 GeV. The green histogram corresponds to the fermion model with mχ1 = 764 GeV, mφ = 760
GeV, mχ2 = 5 GeV. The blue curves are the fits to the standard model background provided in the experimental papers.
780 GeV, and mχ2 = 0 GeV for the shape, and Λ ' 80
GeV, Λs = 1 TeV for the normalization.1
Note that in every cascade decay, two χ2 dark matter
particles are created. Due to the somewhat compressed
spectrum, these dark matter particles do not carry away
an enormous amount of missing energy. Nevertheless,
this associated signal would be an interesting secondary
prediction of this model.
IV. HEAVY QUARK AND LEPTON MODEL
We now present an ultraviolet complete model for the
diphoton excess which is weakly coupled and renormal-
izable. This model is an extension of the standard model
by a real singlet scalar φ plus a vector-like quark Q and
a vectorlike lepton L, which for simplicity we take to be
SU(2)L singlets. These states interact via
L = yφ(q¯Q+ Q¯q) + kQφQ¯Q+ kLφL¯L . (24)
We will consider when q = b, t are the bottom and top
quark, in which case Q is effectively a heavy bottom or
top partner. As we will discuss shortly, the vector-like
lepton L must be electrically charged in order to produce
a photon coupling to φ.
The Yukawa couplings of φ to the Q and L radiatively
generate gluon and photon couplings to φ with
1
Λ = 3q
2
Q
kQ
mQ
+ q2L
kL
mL
and 1Λs
= kQ2mQ
, (25)
1 Note that in the CMS analysis, the excess is shown with both of
the photons reconstructed in the barrel region of the electromag-
netic calorimeter (EBEB), which covers the region of |η| < 1.479
corresponding to | cos θ| < 0.901. Based on Monte Carlo simula-
tion with MadGraph5 [6], this will reduce the signal by a factor
of 0.63 and 0.71 for the scalar and fermion cases, respectively.
in terms of the higher dimensional operators in Eq. (3).
In this model, QQ¯ are pair produced at the LHC and
then each decays into a pair of photons or a pair of gluons
plus a standard model quark q at the parton level. The
Feynman diagram is shown in Fig. 6. To fit the diphoton
excesses observed by ATLAS and CMS, we require one
of the QQ¯ pair to decay into photons and the other into
gluons. This is necessary since the diphoton signal arises
from events with exactly two hard photons. Given a
target signal cross-section σ(pp → γγ), we define the
product of these branching ratios to be
r = Br(Q→ qγγ)Br(Q→ qgg) = σ(pp→ γγ)
2σ(pp→ QQ¯) . (26)
For Br(Q→ qγγ) Br(Q→ qgg) this implies that
r ' Br(Q→ qγγ)Br(Q→ qgg) . (27)
From Eqs. (7) and (25), we then derive that
q2L
kL
mL
'
(√
250r − 3q2Q
) kQ
mQ
. (28)
Throughout, we assume a benchmark signal cross-
section of σ(pp→ γγ) ' 5 fb to fit the diphoton excess.
Note that the rate of heavy quark pair production is sub-
stantially higher at 13 TeV than 8 TeV, offering a reason
why a diphoton excess was not observed in the first run
of the LHC [7–9]. Next, let us discuss the case when Q
is a bottom partner or top partner, respectively.
Bottom Partner. For the case q = b, the heavy quark
Q has the quantum numbers of the bottom. In this sce-
nario, we require mQ ∼ mγγ + mb ∼ 750GeV to fit the
shapes of excesses from both ATLAS and CMS, as shown
in the green histograms in Fig. 5.
The pair production rate of 750 GeV vector-like quarks
at the 13 TeV LHC is σ(pp → QQ¯) ' 260 fb. This
6Figure 6. Pair production of a vector-like quark Q followed
by cascade decays into γγ and gg, respectively, plus quarks.
fixes an upper bound on the signal cross section, so from
Eq. (26), r ' 0.0096. To produce a high enough yield
of diphoton, we require that q2LkL/mL ∼ 1.2kQ/mQ to
be satisfied according to Eq. (28), which is easily accom-
modated in a weakly coupled model. For instance, we
can take kQ to be small, thus decreasing the Yukawa
coupling of φ to Q and depleting the branching ratio of
φ to gluons. Since the production cross-section of φ is
controlled by Q pair production, this will not decrease
the rate of φ production in proton-proton collisions.
In this scenario, the diphoton events in the signal are
always accompanied by hard jets whose invariant mass
will be close ∼ 750 GeV. This model also predicts a sub-
population of four-photon events with each pair recon-
structing a ∼ 750 GeV bump, possibly observable at the
LHC with higher luminosity.
Top Partner. For the case q = t, the heavy quarkQ has
the quantum numbers of the top. Here we need heavier
mQ ∼ mγγ + mt ∼ 920GeV to fit the excesses so that
an on-shell top can be produced. The pair production
rate of 920 GeV vector-like quarks at the 13 TeV LHC
is σ(pp → QQ¯) ' 70 fb, implying that r ' 0.036. The
observed diphoton rate requires q2LkL/mL ∼ 1.7kQ/mQ,
which is easily achievable in a weakly coupled theory.
A potential issue here is that Q can in principle decay
via Q → (t∗ → Wb)φ through an off-shell top quark. If
W can be produced on-shell then the partial width for
this channel is much greater than for the desired channel,
Q → t(φ∗ → γγ). The way around this is to forbid this
kinematically by requiring mQ−mφ < mW +mb so that
when φ is on-shell the residual energy is insufficient to
produce an on-shell W and b. In this case the leading
decay of Q via an off-shell t is actually four-body via
an off-shell W and t, and thus highly suppressed. The
associated decay width is roughly
Γ(Q→ t∗φ) ' y
2g42
24576pi5
m3W
m2t
(
mQ −mφ
mW
)7
' (0.02µm)−1 × y2
(
mQ −mφ
50 GeV
)7
,(29)
where g2 ∼ 0.65 is the SU(2)L gauge coupling. One can
see that Γ(Q → t∗φ) is much smaller than the decay
width of the channel with t on-shell as shown in Eq. (19)
if we choose mQ −mφ < 50GeV.
The diphoton signal produced in this case is similar
to the bottom case discussed earlier. A key difference in
the prediction is that here in addition to the two hard
jets, one can also look for charged leptons and missing
transverse energies associated with the diphoton.
V. CONCLUSIONS
We have presented a weakly coupled mechanism that
produces a broad, tunable resonance in the diphoton in-
variant mass spectrum. This is implemented in theories
where a three-body decay yields an off-shell state decay-
ing to diphoton. A generic prediction of these models
is associated missing energy, jets, or leptons in events
contributing to the diphoton excess.
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